INTRODUCTION E development of very high capacity transmission
T" and switching systems for future communications networks is being actively pursued. To overcome the speed and architectural limitations of electronics the demand for all-optical functional devices is increasing. One important function in communications switching and transmission systems is synchronization.
1041-1135/93$03.00 0 1993 IEEE Synchronization using a self-pulsating twin section laser diode is an all-optical function which has been demonstrated in a number of applications. For example, all-optical timing extraction from a data signal has been demonstrated [l] , [2] . Recently, we have reported all-optical frequency division [31, [4] and multiplication [51, using a self-pulsating laser diode.
While the underlying principles of self-pulsation have been explored in detail by a number of authors, for example [6] , the specific requirements for self-pulsating devices used for synchronization have not been examined in depth. Presently, the only conditions for effective synchronization are that the self-pulsating laser operates at the source wavelength in use and at the appropriate self-pulsating frequency. If these devices are to be used in actual systems, however, there is a need to explore the nature of synchronization in greater detail and establish what factors influence synchronization.
In this letter we show for the first time that the fullwidth-at-half maximum (FWHM) of the fundamental of the unlocked self-pulsating R F spectrum has a direct effect on the optical input power needed to maintain synchronization. We demonstrate that the FWHM varies with the self-pulsation frequency which is controlled by the applied bias to the laser sections. Furthermore, we show that increases in the value of the FWHM correspond to a steeper slope on the self-pulsation frequency versus absorber bias characteristic.
EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 1 . The selfpulsating laser used is a two-section InGaAsP BH device with a length of 500 p m and a 4:l gain to absorber section length ratio. This device exhibits strong selfpulsation when the absorber is operated within the selfpulsation regime reported recently [7] . Two such devices were investigated, yielding similar results.
The source laser is a mode locked InGaAsP BH laser operating in a tunable grating external-cavity. Light from this grating external-cavity laser is coupled to the selfpulsating laser using an 8 p m (radius) lens-ended fiber. Polarization control and optical isolation are used. The output wavelength of the grating external-cavity laser is adjusted so that it coincides with one of the longitudinal modes of the self-pulsating laser diode. Both lasers are temperature controlled to within kO.1 "C. An avalanche photodiode with a bandwidth greater than 1.8 GHz is used to observe laser outputs on a spectrum analyser and oscilloscope. 
EFFECT OF THE UNLOCKED FWHM ON SYNCHRONIZATION
In order to examine how the magnitude of the unlocked FWHM affects synchronization the grating external cavity laser was used to provide a mode-locked input signal to synchronise the self-pulsating laser diode. The pulse duration, observed on a 20 GHz p-i-n photodiode, was maintained at less than 75 ps. The mode-locked laser output frequency was set at a number of values in turn and at each mode-locked frequency synchronization between the mode-locked input signal and the self-pulsating laser diode was achieved. At each frequency used the absorber voltage was adjusted to achieve the lowest noise floor level for the fundamental component of the synchronized selfpulsation signal. At all of the frequencies used the gain section current of the self-pulsating laser diode was k e d at 83 mA and the operating wavelength of the mode-locked laser was adjusted to match the same longitudinal mode of the self-pulsating laser diode.
The synchronized mode-locked and self-pulsation signals were monitored on a twin-channel oscilloscope triggered on the mode-locked input. The mode-locked input optical power was then reduced to a level at which synchronization was just lost. Fig. 3 shows the variation in the value of the input optical power needed to just maintain synchronization as a function of the synchronization frequency. The variation of the FWHM is also plotted in Fig.   3 for comparison. For low values of FWHM the input optical power required is about 0.6 pW (at 440 MHz), while at frequencies at which the unlocked FWHM is The FWHM of the fundamental component of the R F spectrum of the unlocked self-pulsation was measured as a function of the absorber voltage and current, using a spectrum analyser. At each value of absorber voltage and current the self-pulsation frequency was also noted. The gain section current was fixed at 83 mA. It is found that higher the input power required is larger. For example, at 583 MHz where the FWHM is greater than 10 MHz, the input optical power needed is 2.14 pW. Operating at a frequency at which the FWHM is close to maximum will therefore involve a power penalty since an extra 5.5 dB of optical power is needed to maintain synchronization. Such a power penalty would be very significant for a transmission system in which the operating span is attenuation limited. We have previously shown that, near the synchronized frequency, the value of the noise floor relative to the level of the synchronized fundamental component varies with the input optical power [41. Above a certain input optical power level saturation occurs and ratio of the synchronized component to the noise floor does not improve, while below this power level the noise floor level increases as the input optical power is decreased.
For the same input optical power the relative noise floor was measured at two operating frequencies, one of which had a low unlocked FWHM value (440 MHz) and the other which had a high FWHM value (583 MHz). For an input optical power of 3 pW the noise floor is 42 dB below the synchronized peak level at 440 MHz, while at 583 MHz the noise floor is 31 dB below the synchronized peak level. This demonstrates that if the optical power available for synchronization is limited, the quality of synchronization will suffer if the self-pulsating laser is operated at a frequency at which the unlocked FWHM is large. DEVICE CHARACTERISTICS AND THE FWHM As indicated above for a gain section current of 83 mA the FWHM and self-pulsation frequency were measured as a function of the absorber bias. Fig. 4(a) and (b) show how the FWHM and the self-pulsation frequency vary with absorber voltage. It is found that as the self-pulsation frequency increases with absorber voltage the rate of change of frequency with absorber voltage varies. The value of the FWHM follows variations in rate of change of frequency with voltage. The lowest FWHM occurs at 440 MHz where the rate of change of frequency with absorber voltage is 0.451 MHz/mV. The highest FWHM occurs at 583 MHz where the rate of change of 13 MHz/mV. The ratio of the maximum to minimum rate of change is 29:1, which is similar to the ratio of the maximum to minimum FWHM.
The variation of self-pulsation frequency with absorber current was also measured and again it was found that the self-pulsation FWHM varied with the rate of change of self-pulsation frequency with absorber current.
These results are significant in two ways. Firstly, the results indicate that in the design of new twin section self-pulsating laser diodes for synchronization applications it is desirable to keep the slope of the self-pulsation frequency versus absorber bias characteristic as low as possible. Secondly, when selecting existing self-pulsating lasers the self-pulsation frequency versus absorber bias operating frequencies for the device.
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CONCLUSION
We have demonstrated that the value of the unlocked FWHM of a self-pulsating laser diode has a significant effect on the input power needed for synchronization. Therefore, in developing new twin-section lasers for alloptical synchronization we conclude that it is not enough 131 to ensure that the appropriate self-pulsation frequency can be attained to match the input operating frequency. It is important to ensure that the FWHM of the unlocked [41 self-pulsation is low at the operating frequency in use to avoid a power penalty.
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We have also shown that a low FWHM value at a particular frequency is associated with a low rate of change [6] of self-pulsation frequency with absorber bias. This is significant for the design of new twin section self-pulsating 171 laser diodes and for the selection of operating points for existing devices. 
